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Sulfolobus acidocaldarius is an aerobic thermoacidophilic crenarchaeon which grows optimally at 80°C and
pH 2 in terrestrial solfataric springs. Here, we describe the genome sequence of strain DSM639, which has been
used for many seminal studies on archaeal and crenarchaeal biology. The circular genome carries 2,225,959 bp
(37% G+C) with 2,292 predicted protein-encoding genes. Many of the smaller genes were identified for the first
time on the basis of comparison of three Sulfolobus genome sequences. Of the protein-coding genes, 305 are
exclusive to S. acidocaldarius and 866 are specific to the Sulfolobus genus. Moreover, 82 genes for untranslated
RNAs were identified and annotated. Owing to the probable absence of active autonomous and nonautonomous
mobile elements, the genome stability and organization of S. acidocaldarius differ radically from those of
Sulfolobus solfataricus and Sulfolobus tokodaii. The S. acidocaldarius genome contains an integrated, and prob-
ably encaptured, pARN-type conjugative plasmid which may facilitate intercellular chromosomal gene ex-
change in S. acidocaldarius. Moreover, it contains genes for a characteristic restriction modification system, a
UV damage excision repair system, thermopsin, and an aromatic ring dioxygenase, all of which are absent from
genomes of other Sulfolobus species. However, it lacks genes for some of their sugar transporters, consistent
with it growing on a more limited range of carbon sources. These results, together with the many newly
identified protein-coding genes for Sulfolobus, are incorporated into a public Sulfolobus database which can be

accessed at http://dac.molbio.ku.dk/dbs/Sulfolobus.

Sulfolobus acidocaldarius strain DSM639, the type strain of
the archaeal genus Sulfolobus, was the first hyperthermoacido-
phile to be characterized from terrestrial solfataras by Brock et
al. (12). It grows optimally at 75 to 80°C and pH 2 to 3, under
strictly aerobic conditions, on complex organic substrates, in-
cluding yeast extract, tryptone, and Casamino Acids and a
limited number of sugars.

Many of the seminal studies on archaea and crenarchaea
were performed on S. acidocaldarius. Thus, S. acidocaldarius
was employed to demonstrate the similarity of the archaeal
and eukaryal transcription apparatuses (6, 36, 46). Moreover,
its sensitivity to a wide range of ribosomal antibiotics (1) and
ease of transformation (3) have rendered S. acidocaldarius a
focus for in vivo genetic studies. Proteins responsible for chro-
matin folding (Sac7c) and the highly abundant Sac10b (Alba)
protein, implicated in the regulation of chromatin and/or cel-
lular RNAs in Sulfolobus (7, 30), were first characterized for
this organism (29).

S. acidocaldarius has also been used for studying genetic
fidelity at high temperatures and is the only hyperthermophilic
archaeon for which the rate and type of spontaneous mutation
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have been quantified in vivo (26). Its relatively low mutation
rate, despite its high-temperature environment, has stimulated
a strong interest in its efficient repair systems. It also carries a
restriction modification system involving the endonuclease
Sual and exocyclic N-4 methyl cytidine at the target site, which,
in contrast to 5 methyl cytidine, is less damaging for DNA
structure on deamination at high temperature (27, 45).

Special features include its ability to exchange chromosomal
genes intercellularly (2, 25) and its capacity to grow synchro-
nously in culture which has facilitated archaeal cell cycle stud-
ies (9, 10). In contrast to S. solfataricus P2 (51) and Sulfolobus
tokodaii (33), which both possess extensive networks of auton-
omous and nonautonomous mobile elements (13, 15), S. aci-
docaldarius maintains a very stable genome organization. This,
together with the construction of transcriptome microarrays
based on the present genome sequence (39), will provide a
solid basis for comprehensive studies of the cellular and sys-
tems biology of Sulfolobus.

Determination of the genome sequence of S. acidocaldarius
and comparative studies with the genomes of S. solfataricus
and S. ftokodaii, enabled us to generate an integrated and
comprehensive public database for the Sulfolobus genomes
which will serve as a important research resource for (i) further
defining the phylogenetic status of the crenarchaeal kingdom
of the Archaea; (ii) molecular, genetic, and cell-cycle studies of
Sulfolobus; and (iii) studying less complex archaeal systems in
order to understand the corresponding, and more complex,
systems in eukaryotes.
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TABLE 1. Specificity of protein-coding genes of the
S. acidocaldarius genome”

Total no. of genes
absent from
S. solfataricus and

Total no. of
S. acidocaldarius
genes

Gene specificity

S. tokodaii
S. acidocaldarius exclusive 305 305
Sulfolobus specific 866 0
Crenarchaea specific 107 4
Archaea specific 352 58
Archaea + bacteria specific 327 24
Archaea + eukarya specific 64 2
Universal 271 7
Total 2,292 400

“ The criteria used for assigning genes to different genera, kingdoms, or do-
mains are described in Materials and Methods.

MATERIALS AND METHODS

Genome sequencing and assembly. The genome of S. acidocaldarius strain
DSM639 was cloned and mapped using a shotgun strategy with plasmid pUC18
and bacterial artificial chromosome (BAC) libraries (53). Sequencing was per-
formed using a Biorobot 8000 (QIAGEN, Westburg, Germany) and MegaBACE
1000 Sequenators (Amersham Biotech, Amersham, United Kingdom). Sequence
reads averaged 650 bp. For gap closure and sequence editing, 1,113 custom
primer-walking reactions were performed on the plasmid and BAC clones. Sev-
eral sequence regions were also checked by generating and sequencing PCR
fragments. The genome was assembled using the phred-phrap-consed software
package (21).

Gene identification, functional annotation, and genomic comparisons. Protein
coding genes were identified with the bacterial and archaeal gene finder Easy-
Gene (37), and tRNA genes were located using tRNAscan-SE (38). All short
open reading frames (ORFs; <120 amino acids) yielding no sequence matches in
GenBank were aligned against short ORFs identified with EasyGene in the other
Sulfolobus genomes. ORFs with homologs in at least two genomes were inferred
to encode a gene and were included in the final annotation. Frameshifts were
detected and checked by sequencing after a second round of manual annotation.
All remaining frameshifts were considered to be authentic. All annotations were
checked individually a third time by an independent annotator.

Functional assignments are based on data collected from searches against
SWISS-PROT (11), GenBank (8), COG (56), and the Pfam databases (5).
Transmembrane helices were predicted with TMHMM (34) and signal peptides
with SignalP (42). All the data for the S. acidocaldarius genome were stored,
analyzed, and compared with the other Sulfolobus genomes in the MUTAGEN
annotation system (14).

Phylogenetic assignments of genes (as in Table 1) were obtained by searching
gene sequences against the GenBank/EMBL sequence database with low-com-
plexity filtering and an e-value cutoff of 0.01. Database matches were considered
significant if they covered >70% of the protein with >55% positive hits and if the
two protein lengths deviated by <30%. The origin of the gene was then assigned
according to the first bifurcation point in a phylogenetic tree generated from the
positive matches obtained (K. Briigger, unpublished).

Nucleotide sequence accession number. The annotated genome sequence has
been deposited in the GenBank/EMBL sequence database under accession no.
CP000077.

RESULTS AND DISCUSSION

General genome features. The genome of S. acidocaldarius
constitutes a 2,225,959-bp circular chromosome with a G+C
content of 36.7%. The final genome sequence was assembled
from a total of 19,761 sequence reads, yielding a 5.8-fold se-
quence coverage. The genome numbering starts 100 bp up-
stream from the cdc6-3 gene. A total of 2,292 protein-coding
genes were predicted, including many shorter genes (coding
for <120 aa) which were identified, or verified, for the first
time using a comparative sequence approach with the other
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FIG. 1. Conservation of protein genes. The overlapping circle plot
shows the number of genes shared between two or three Sulfolobus
genomes. Blue, red, and green numbers represent genes shared with S.
acidocaldarius, S. solfataricus, and S. tokodaii, respectively. The black
number in the center denotes the total number of different genes in the
three genomes.

Sulfolobus genomes (33, 51). The total numbers of genome-
specific genes and of shared homologs (the criteria used are
described in Materials and Methods) are presented for the
three Sulfolobus genomes in the overlapping circle plot in
Fig. 1.

Of the 2,292 protein-coding genes identified for S. acidocal-
darius, over 50% were either exclusive to S. acidocaldarius (305
genes) or specific to Sulfolobus (866 genes) (Table 1). Lower
percentages were identified as crenarchaeon specific, archaeon
specific, archaeon plus bacterium specific, archaeon plus eu-
karyote specific, or universal (Table 1).

About 58% of the total number of genes in all three Sul-
folobus genomes are shared between the three organisms (Fig.
1), and they encode a core set of proteins which can be clas-
sified into 1,391 gene families or functional groups. The largest
gene families encode proteins involved in transport. In con-
trast, the largest family of genes which are exclusive to S.
solfataricus and S. tokodaii encode transposases (see below).

Previously unrecognized genes were identified by comparing
all ORFs detected in the S. acidocaldarius genome by Easy-
Gene with the GenBank genome files for S. solfataricus and S.
tokodaii as described in Materials and Methods. This revealed
133 short genes in total (Table 2), of which 95 were different
genes, all with previously unrecognized homologs in S. solfa-
taricus and/or S. tokodaii. The length distribution of these
genes is shown in Table 2, and the ratio of newly identified to
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TABLE 2. Newly identified short genes in
the S. acidocaldarius genome*
No. of genes:
Amino acid
size range Newly
¢ identified Known
30-39 5 0
40-49 7 3
50-59 21 20
60-69 24 30
70-79 29 37
80-89 20 42
90-99 17 52
100-109 5 75
110-119 5 52
Total 133 311

“The short genes were identified by sequence comparison with the other
Sulfolobus genomes. Some of the 133 newly identified genes exist in multiple
copies, so the total number of different genes is 95 (see text). The numbers of
known genes in the S. acidocaldarius genome, in the same size ranges, are
included for comparison.

known genes gradually decreases with increasing gene size
over the range 50 to 100 bp (Table 2). No inteins were detected
in S. acidocaldarius.

Short untranslated RNAs. Many smaller untranslated RNAs
have been isolated from archaea, first from S. acidocaldarius
(43) and more recently from Archaeoglobus fulgidus and S.
solfataricus (54, 55). For S. acidocaldarius, 18 of the 29 RNAs
identified (excluding tRNAs, rRNAs, and 7S RNA) belong to
the C/D box snoRNAs which guide base methylation in rR-
NAs, tRNAs, and other unidentified targets. All of these RNA
genes were successfully mapped in the genome for S. acidocal-
darius and are included in the Sulfolobus database. Most of
these could not be detected in the other Sulfolobus genomes by
BLAST searches because of low sequence conservation, and
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therefore, only RNAs detected experimentally for S. solfatari-
cus (55) are included in the database.

Lack of active mobile elements. No copies of active IS ele-
ments or miniature inverted-repeat transposable elements
were detected in marked contrast to the other Sulfolobus ge-
nomes (13, 15, 47). Four potentially full-length IS elements
were identified, two of which occur in an integrated element,
SA3 (Saci0487 and -0504). However, each exists in a single
copy in the genome and is, therefore, unlikely to be active
given that transposition events observed to date in Sulfolobus
species are mobilized by a “copy and paste” mechanism (P.
Redder, unpublished). Moreover, only five fragmented IS el-
ements were detected, one of which (Sacil941) partitions a
proline iminopeptidase gene, providing evidence for an earlier
transposition event. This fragment is almost identical in se-
quence to the transposase gene of a single IS element which
encodes both a transposase and a resolvase (Saci2022 and
2023). We conclude that the genome has undergone few, if
any, major rearrangements due to mobile elements, in contrast
to the genomes of S. solfataricus and S. tokodaii, which are both
extensively shuffled (15).

Integrated elements and intercellular gene exchange. There
are four chromosomally integrated elements, SA1 to SA4 car-
rying direct terminal repeats, some of which share larger
(>100 bp) internal sequences, and their genomic positions are
indicated in Fig. 2. They range in size from 5.6 to 8.7 kb, for the
three smaller ones, to 32.5 kb for the larger one, SA3, and each
exhibits a higher G+C content (39 to 42%) than the genome
(52). They all encode integrases, three of which are of the
archaeal partitioning type (52). SA3 resembles a self-transmis-
sible plasmid of the pARN type (20, 23), and it has retained
most of the conserved plasmid region which carries genes im-
plicated in plasmid conjugation (Fig. 3). These genes encode a
TrbE-like protein which, although interrupted by a +1 frame-
shift, may still be functional due to a “slippery” sequence of 8
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FIG. 2. Origins of replication and other major structural features of the

S. acidocaldarius genome. Replication origins were predicted using the

Z-curve method (64), where only the Y component, calculated for each nucleotide, is plotted. Arrows indicate putative replication origins which

are consistent with those predicted experimentally from marker frequency

analyses (39). On the genome map, the following are indicated: three

cdc6 genes, integrated elements SA1 to SA4, large rRNA genes, and SRSR clusters. The two different classes of repeat sequences (A,B and C,D)

which are present in the four SRSR clusters are shown.
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FIG. 3. Gene map of the region of the integrated element SA3
which resembles a pARN self-transmissible plasmid. The chromo-
somal region is aligned with the corresponding region of a pARN
plasmid (23). Genes with identical colors are homologs. All proteins in
this region have been implicated in the archaeal conjugative apparatus.
They include the partial homolog of TrbE and ORF600 (23).

A’s, and ORF600 which carries multiple transmembrane heli-
cal motifs (Fig. 3) (23). Only the putative origin of replication
and genes implicated in plasmid replication are absent, possi-
bly as a result of rearrangements occurring at the Sulfolobus-
specific recombination motif, TAAACTGGGGAGTTTA,
multiple copies of which are present in both the pARN plas-
mids and SA3 (23). This element could facilitate the intercel-
lular exchange of chromosomal DNA that is a special charac-
teristic of S. acidocaldarius (2, 25).

SA4 encodes a homolog of a bacterial resolvase/recombi-
nase (Saci0634) encoded by, for example, pathogenicity islands
of Escherichia coli O157:H7 EDL933. Apart from S. acidocal-
darius, only four other archaeal genomes, all from eur-
yarchaea, encode such a resolvase, although the latter show
more sequence similarity to their bacterial counterparts than
to the Sulfolobus enzyme.

Metabolism. Most genes encoding enzymes of the predicted
central metabolic pathways are present, including those re-
quired for synthesizing purines and pyrimidines (57) and all
amino acids, except selenocysteine. Exceptionally, a putative
folate synthesis enzyme is encoded (Sacil101) which is nor-
mally absent from archaea (62).

S. acidocaldarius differs from known Sulfolobus species in
that it grows on a more limited range of carbon sources, which
include p-fucose, D-glucose, sucrose, maltotriose, dextrin, and
starch, and it can also grow on a wide range of amino acids
(24). Genes required for glucose metabolism are present for
both the nonphosphorylated Entner-Doudoroff pathway and
the partially overlapping alternative pathway which generates
ATP (50). Lack of growth on metabolites such as ribose and
fructose may reflect a lack of transporters for these sugars. A
search of the genomes for Pfam transporter families PF0O0005,
PF00083, and PF00528 yielded only 41 genes for S. acidocal-
darius, compared with 75 for S. solfataricus and 52 for S. toko-
daii. This is consistent with our not finding at least five specific
sugar transporters in the S. acidocaldarius genome which are
present in S. solfataricus: (i) arabinose/fructose/xylose, (ii) ga-
lactose/glucose/mannose, (iii) cellobiose and higher deriva-
tives, (iv) maltose/maltodextrin, and (v) trehalose (18), and
only two, the third and fourth, were found in S. tokodaii.
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However, other proteins must be responsible for sugar trans-
port, since S. acidocaldarius can grow on both D-glucose and
dextrin, as well as other sugars (24), consistent, for example,
with its encoding an a-amylase (Sacil200).

There are at least three enzymes encoded in S. acidocal-
darius which potentially enable it to grow on specialized carbon
sources: (i) a homolog of the bacterial enzyme (Saci2213)
which degrades poly(3-hydroxyalkanoates), an energy storage
polylipid; (ii) a special transporter for malate and other C4-
dicarboxylates (Sacil755) which are shared with some eur-
yarchaea but not with other Sulfolobus species; and (iii) the two
subunits of an aromatic ring dioxygenase (Saci2059, 2060)
which degrades di- and monoaromatic ring compounds and is
found only in S. acidocaldarius among the archaea.

All three Sulfolobus genomes encode the enzymes for me-
tabolizing sulfur which yield sulfuric acid from hydrogen sul-
fide via a conserved sulfur locus (Saci2201, -2202, -2203), but
only S. fokodaii encodes a sulfur oxygenase and can oxidize S°.

DNA replication from multiple initiation sites. All compo-
nents of the DNA replication machinery which are known to
be encoded in the other crenarchaeal genomes are also present
in S. acidocaldarius (reviewed in reference 22). The finding of
three cdc6 genes widely spaced in each of the first two Sulfolo-
bus genomes was suggestive of multiple origins of replication
(33, 51), as were Z-curve analyses which localized three pos-
sible origins in the S. solfataricus genome (64). However, the
first experimental evidence, using two-dimensional gel analy-
ses, identified two replication origins in S. solfataricus, neigh-
boring cdc6-1 and cdc6-3 genes. The former was characterized
in its noncoding upstream region by origin recognition boxes
(ORBL1, ORB2 and ORB3) and the latter by binding sites for
Cdc6-2 and Cdc6-3 (C2a, C2b, C3a, and C3b) as well as shorter
versions of the ORBs, mORBa and mORBb (Fig. 4) (48). The
genome of S. acidocaldarius exhibits sequence motifs, and gene
contexts, similar to those of S. solfataricus adjacent to the
cdc6-1 and cdc6-3 genes (Fig. 4A and B). Marker frequency
measurements, using whole-genome microarrays based on the
S. solfataricus genome and on a preliminary version of this S.
acidocaldarius sequence, have extended this knowledge by pro-
viding evidence for three origins in both organisms (39). More-
over, all the experimentally supported origins correspond ap-
proximately in position to those predicted by our Z-curve
analysis (64) (Fig. 2), which indicates that cdc6-2 is not asso-
ciated with an origin and is consistent with Cdc6-2 being as-
signed a role as a negative regulator of replication initiation at
the cdc6-1 and cdc6-3 sites (48). The putative third replication
origin has not yet been localized at the DNA sequence level.

DNA repair. DNA of hyperthermophiles is particularly sus-
ceptible to deamination and depurination reactions, estimated
at up to 1,000-fold higher than for mesophiles (49), and it
requires rapid and effective DNA repair systems. This is con-
sistent with the S. acidocaldarius genome encoding different
repair systems, of both bacterial and archaeal/eukaryal types,
most of which occur in some other archaea. They include direct
removal of DNA damage, base excision repair, nucleotide ex-
cision repair (NER), and homolog-dependent double-strand-
break repair (28, 61). However, in addition to the NER path-
way, S. acidocaldarius seems to carry an apparatus for UV
damage excision repair since it encodes a UV damage endo-
nuclease (Sacil096) which occurs in bacteria and some eukarya
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FIG. 4. Putative Cdc6 binding sites in S. acidocaldarius. (A) The
three ORB sequences in S. acidocaldarius (S.a. ORBI to -3) compared
to the consensus ORB sequences in S. solfataricus and S. tokodaii (S.s.
and S.t. ORB) (48), where dots indicate nonconserved bases. The
genome map shows the position of the sequences relative to cdc6-1.
(B) S. acidocaldarius sequences which are similar to Cdc6-2 and
Cdc6-3 binding sites (48). The genome map indicates the positions of
the sequences relative to cdc6-3.

(63) but is absent from all other archaeal genomes, except
Haloarcula marismortui (4). The existence of two alternative
nucleotide excision repair pathways in S. acidocaldarius may
account for the observation that it mutates at a rate similar to
that of some mesophilic bacteria upon short-wavelength UV
irradiation (31).

Restriction and modification enzymes. S. acidocaldarius car-
ries a restriction modification system involving the type II
restriction enzyme Sual (Sacil989), which recognizes the se-
quence GGCC (45) that is modified by a GGN4mCC methyl-
transferase (27). This system appears to be specfic to S. acido-
caldarius because the 570 genomic copies of GGCC are
underrepresented by factors of 2.5 and 5, respectively, relative
to the genomes of S. tokodaii and S. solfataricus. The methyl-
transferase was assigned to Sacil975, which is absent from
other crenarchaea but present in some euryarchaea. However,
two other DNA methylase genes (Saci0651, -1283) are shared
with the other two Sulfolobus genomes.

Transcription. Sequences of the RNA polymerase of S. aci-
docaldarius were first analyzed by Zillig and colleagues (36,
46). The genome encodes 12 RNA polymerase subunits, all
characteristic of the crenarchaea, and previous sequencing of
the rpoE gene (17) missed a stop codon which has now been
corrected. The rpoB gene does not exhibit a frameshift, as
occurs in S. solfataricus (51). Seminal studies were also per-
formed on archaeal transcription factors encoded in the S.
acidocaldarius genome (6). The archaeon-eukaryote-type tran-
scriptional initiation factors are all encoded as well as bacte-
rium-like elongation factors NusG and NusA.

Four bacterium-like factors have been shown experimentally
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to regulate transcription in Sulfolobus species by binding near
the B responsive elements and TATA-like motifs, including
Sa-Lrp (19). Further analyses revealed 31 putative transcrip-
tional regulators in the S. acidocaldarius genome, mainly be-
longing to Pfam families MarR, AsnC, and ArsR, most of
which are conserved in all Sulfolobus genomes.

Translation. Most of the genes implicated in translational
functions have close homologs in the other Sulfolobus ge-
nomes. There are a single rRNA operon, single 5S RNA and
7S RNA genes, and 65 ribosomal protein genes: 28 for the
small subunit and 37 for the large subunit, including homologs
of the archaeon-eukaryote S25¢ and S26e. Forty-eight tRNA
genes use 42 different anticodons, and there is a single pseudo-
tRNA*® (GCG) gene. Three tRNAM<' (CAT) genes are
present, one of which (Saci0521) corresponds to the initiator
tRNA (35), and tRNA?*P (GUC) and tRNAY*' (UAC) genes
are each present in duplicate copies. Nineteen tRNA genes
contain introns, with 17 located between +1 and +2 bp 3’ to
the anticodon loop and 1 in the D-loop of tRNAS™ (CTC). As
for the other Sulfolobus genomes, the asparagine and glu-
tamine aminoacyltransferases are absent. The genome encodes
tRNA- and rRNA-modifying enzymes, including a cytosine-
C5-methylase (Saci2312), tRNA nucleotidyl-transferase, and
N-6 methylase. It also carries an intron-containing gene for the
eukaryote-like Cbf5 protein (Saci0811, 0812) which is impli-
cated in pseudouridylation (60), and it encodes an intron splic-
ing enzyme (Saci0858).

Analysis of putative TATA-like promoter sequences and
Shine-Dalgarno motifs revealed that a large fraction of mR-
NAs produced by single genes, or by the first genes of operons,
are leaderless (Fig. 5). Their TATA-like motifs are located
between positions —24 and —30, upstream from the start
codon, and they lack a Shine-Dalgarno motif, as was observed
for S. solfataricus (58). For genes located downstream from the
first genes in putative operons, 48 to 54% exhibit Shine-Dal-
garno motifs (Fig. 5) strongly biased towards the sequence
5'-GGTG-3" (59).

Protein folding, modification, and degradation. As in the
other Sulfolobus species, but in contrast to several other arche-
aea, three similar proteins form the thermosome in S. acido-
caldarius, which facilitates protein folding.

S. acidocaldarius encodes fewer protein kinases than S. sol-
fataricus and S. tokodaii (2, 6 and 10 matches, respectively, of
e < 0.01 to Pfam PKinase) but it exhibits a similar level to most
other archaea.

For normal protein turnover, the S. acidocaldarius protea-
some can potentially be assembled from an alpha subunit
(Saci0613) and one, or both, of two beta subunits (Saci0662,
0909). Similarly to the other Sulfolobus species, it also carries
a selenocysteine lyase gene (Saci0024) for converting seleno-
cysteine into H,Se and alanine, presumably enabling it to uti-
lize selenocysteine as a nutrient. Moreover, the protease ther-
mopsin is encoded (Sacil714), which is absent from the other
Sulfolobus species, suggesting that an alternative protein deg-
radation system exists in S. acidocaldarius.

SRSR clusters. There are four short regularly spaced repeat
(SRSR) clusters in the genome. The 24-bp repeat sequences
are A+T-rich and nonpalindromic and differ in sequence from
those of other Sulfolobus species. Two large clusters (with 74
and 133 repeat copies) and two small clusters (carrying 4 and
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FIG. 5. Analysis of leader sequences of all putative protein-coding genes of the S. acidocaldarius genome. Results are presented for single genes
and the first, middle, and terminal ORFs of predicted operons. The vertical bars represent the presence of (a) TATA-like motifs located 24 to 30
bp upstream from the start codon, (b) Shine-Dalgarno motifs, (c) neither motif, and (d) TATA-like and Shine-Dalgarno motifs.

11 repeat copies) occur within a 177-kb region of the genome
(Fig. 2). The A+T-rich repeat sequences of the large clusters
are identical, but they show no sequence similarity to the re-
peats of the small clusters which are closely similar to one
another and exhibit interrupted inverted repeat structures
(Fig. 2). SRSR clusters are often flanked by one to four cas
genes (32) which are absent from the genomes lacking clusters.
In S. acidocaldarius, two homologs of the cas! and cas2 genes
lie between the large clusters and the small SRSR clusters, and
an interrupted cas4 gene homolog lies adjacent to a small
SRSR cluster.

Recent studies on DNA replication in Pyrococcus and S.
acidocaldarius (based on this genome sequence) have shown
that some SRSR clusters are copied late in the replication cycle
(39, 65). This is consistent with SRSR clusters having a role in
chromosomal segregation (40), possibly as centromeres (16). A
homolog of a DNA binding protein which specifically targets,
and bends, the 24-bp repeat sequence (44) is encoded
(Saci0449).

Furthermore, some of the regular spacer sequences of S.
solfataricus and S. tokodaii correspond to sequences within
Sulfolobus plasmid and viral genomes and may inhibit uptake
of new extrachromosomal elements (41). Of the 220 spacer
sequences in the S. acidocaldarius SRSRs, 3 gave multiple
matches with known conjugative plasmid genes from Sulfolo-
bus (23) and 3 matched sequences within the SA3 element,
integrated in the S. acidocaldarius genome, which also corre-
sponds to a conjugative plasmid (23). Given that RNA tran-
scripts are produced from the SRSR clusters in Sulfolobus, any
inhibitory mechanism is likely to involve RNA (54, 55; R.
Lillestgl, unpublished).

Conclusion. S. acidocaldarius is the third Sulfolobus genome
to be sequenced, and by comparative analyses, we have pre-
sented a comprehensive gene map and annotation for this
genome. It includes many previously unknown, mainly smaller,
genes as well as many untranslated RNAs. Moreover, the nu-
merous gene products which have been characterized experi-
mentally for S. acidocaldarius are annotated in the genome, and
several new features were discerned. A Sulfolobus database was
established while comparing and annotating the protein and sta-
ble RNA genes of the three Sulfolobus genomes, which can be

accessed at http://dac.molbio.ku.dk/dbs/Sulfolobus. It also con-
tains supplementary information on protein-coding genes, in-
cluding prerun searches against public databases with predic-
tions for transmembrane regions and signal peptides as
described in Materials and Methods. The Sulfolo bus database
should provide a useful resource for the research community.
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